The present paper describes a flow-injection system coupled to a Micro-Guard cartridge and a miniaturized optical CCD detection system used to monitor the sugars (glucose/fructose) and ethanol content during alcoholic fermentation. The carrier stream (mobile phase) is composed of an aqueous sulfuric acid solution. The flow parameters were studied in order to obtain a good resolution and a wide dynamic concentration range, with a good repeatability. The relative standard deviation (RSD) obtained was inferior to 4%, for n = 3. It was possible to achieve a linear range of up to 12 g L -1 of sugars and up to 2% (v/v) of ethanol with a detection limit of 2.3 g L -1 and 0.4% (v/v), for sugars and ethanol concentrations, respectively. The proposed system was successfully applied to monitor a vinification process by the quantification of sugars and ethanol, and also in some finished port wines.
Introduction
Wine is an alcoholic beverage produced from fermented grapes or other fruits. While yeasts convert sugars (glucose and fructose) into ethanol and carbon dioxide, some by-products are also produced. Most of these by-products are responsible for the flavors and odors characteristic of the produced wine. Therefore, the alcoholic fermentation process is a key issue in its quality. The wine industry needs a method to provide precise details of the marked compounds in all of the fermentation stages. The method should preferably be a low-cost solution, with simple instrumentation, fast response, and minimal or no sample pre-treatment required. 1 Technological advancement has fostered the implementation of selective and sensitive detection systems, namely massspectrometry methods hyphenated or not with separation systems (high-performance liquid chromatography (HPLC) and gas-chromatography (GC)).
Additionally, instrumental techniques able to perform real-time measurements have also been proposed, namely those based on NIR and FTIR, 2 or so-called electronic noses and tongues. 1 However, the corresponding costs are usually too high for routine laboratories. Additionally, some of those imply the use of mathematical models to obtain useful data. Other methods involving the use of biosensors have also been proposed; these usually employ electrochemical-based detection. 3, 4 The desired method should comprehend simple instrumentation and, if possible, be executed in an automated way. Flow analysis started as automation tool for wet chemical assays. 5 Its scope was further expanded to study chemical and biochemical processes. Due to its versatility and possibility for real-time monitoring, it has also become a powerful tool to study dynamic systems, 6 since it is the proposed subject, the vinification process. These processes are known by their spatial and temporal variability, the chemical composition changes over time. In addition, the target analytes are usually present in a wide range of concentration in a complex matrix. In this scenario, it would be useful to develop analytical tools involving low-cost optical detection methods. However, in this case, the use of a separation process would probably be necessary to attain the desired accuracy and sensitivity. Flow-based methods are well known for their efficiency in sample manipulation, therefore leading to significant progress in terms of reliability and robustness. On the other hand, one limitation of these systems is that they are non-separative methods; this limitation can be overcome by easily coupling other units responsible for the separation process, namely membrane-based, like gas-diffusion, dialysis or pervaporation. 7 Some different separation processes, like solid-phase extraction (SPE), 8 liquid-liquid microextraction (LLME) 9 and by coupling chromatography columns to the flow system, 10 have also been proposed for this goal. The latter approach (a low-pressure chromatography system) has been demonstrated to be an alternative to HPLC system, offering a low-cost solution that can provide high-performance chemical separation. 10 The aim of this work was to develop a simple tool to monitor the vinification process by quantifying the sugars, as a sum of fructose and glucose, and ethanol content. To achieve this objective with no sample derivatization, an option was made to use in-line chromatography-like separation. A Micro-Guard cartridge, an Aminex type cation H + , was selected to separate the target analytes in the flow system. A charged coupled device (CCD) was used as the detector. This miniaturized device was used to measure the attenuation of the light induced by the analytes when flowing through the flow cell; this attenuation was due to both light scattering (as in a dedicated refractometer detector) and intrinsic molecular absorption; this issue is discussed by Frenzel and McKelvie. 11 Therefore, a small flow analysis chromatography system apparatus was put in place to monitor the vinification process.
Experimental

Reagents and chemicals
All solutions were prepared with filtered (Whatman, 0.45 μm) deionized water with a specific conductance of less than 0.1 mS cm -1 . All chemicals were of analytical reagent grade. Sulfuric acid (H2SO4, Merck, 1.00731.1000) was used to prepare the carrier solution; methanol (CH4O, Merck, 1.06009), acetonitrile (C2H3N, Merck, 1.00030) and 1-propanol (C3H8O, Riedel-de Haën, 33538) were used in optimization studies. Ethanol (C2H6O, Panreac, 221086) standards solutions were prepared by rigorous dilution of the stock solution. Standard solutions of glucose (C6H12O6, Merck, 108337) and fructose (C6H12O6, Merck, 104007) were prepared by rigorous dilution of stock solutions previously prepared by rigorous weighing.
The concentration of sugars corresponded to a mixture of glucose and fructose, in a proportion of about 40:60, since these two compounds are not present in grape or wine in equal proportions. 12 Glycerol (C3H8O3, Sigma, G-6279) was used in interference studies. Tween 80 (Sigma, P4780), L-(+)-malic acid (C4H6O5, Merck, 100382), citric acid (C6H8O7·H2O, Merck, 100244), calcium chloride (CaCl2·2H2O, Merck, 2382), diammonium hydrogen phosphate ((NH4)2HPO4, Merck, 1012070), and YNB medium (Yeast Nitrogen Base without Amino Acids, Difco, 291940) were used to prepare the synthetic grape juice. L-(+)-tartaric acid (C4H6O6, Merck, 1.00804) was used in the synthetic grape juice and in interference studies.
Apparatus
The flow manifold ( A personal computer with SpectraSuite software from Ocean Optics was used for data acquisition. The recorded data, the signal value over time at 283 and 700 nm was imported to a Microsoft Excel 2007 file. As already mentioned, the signal, with an output in absorbance units, corresponded to the light attenuation induced by the analytes when flowing through the flow cell.
To assess the sugars and the ethanol concentrations, an option was made to consider the signal as a subtraction of the recorded values; the resulting values were used to calculate the peak height, which proved to be proportional to the concentration of both analytes, within the considered working range. Then, calibration curves were traced: peak height vs. ethanol or sugars concentration.
Vinification samples
A synthetic grape juice (SGJ) 13 with some small modifications was used to perform fermentation tests:
(NH4)2HPO4; 1.70 g L -1 YNB medium. A pre-culture of 0.08 g of Saccharomyces cerevisiae (Lallemand Cross Evolution ® ) was prepared in 800 μL of H2O at 30 C for about 30 min. Afterwards, 200 mL of SGJ was inoculated with this pre-culture at 24 C for 10 days.
One fermentation sample per time was collected and frozen. When all of the samples were collected, they were unfrozen at room temperature, centrifuged (Universal 320R, Hettich Zentrifugen, Germany) at 6080g for 4 min and the supernatant was filtered through a 0.45-μm filter (Acrodisc Pall). The filtered sample was then properly diluted in the carrier solution, to fit in the linear range.
Results and Discussion
In-line separation procedure
The in-line separation procedure was carried out by coupling a Micro-Guard cartridge, a guard chromatography column, to the flow system. Using this separation technique, due to the efficiency of the column, separation of the target analytes from the matrix, and from each other, was expected; as a result, there would be no need for a detection system with high selectivity or derivatization of the analytes. Furthermore, a high-pressure driving system would not be required due to improvements achieved by the columns manufacturers; it is now possible to work at lower pressure values. Table 1 14-26 presents some analytical figures of methodologies developed for sugars and ethanol determination in alcoholic beverages, using HPLC as the separation method. Most of the methods employ an Aminex HPX-87H column. This column is particle packed; however, conversely monolithic columns are the most recommended for low-pressure systems. 10, 27 Therefore, a monolithic-based similar column was tested; Chromolith Since this is a monolithic-based column with a modified surface with the NH2 functional group, a good separation of the target analytes could be expected with no significant back-pressure problems.
In this scenario, a simple flow-injection system composed of a peristaltic pump, an injection valve for sample injection, a monolithic column, a flow-through cell and a CCD detector, was arranged. With the aim of reducing the dispersion of the sample after separation and so assure better resolution, the path from the column to the flow-through cell was minimized; therefore, the cell was placed just after the column end.
For optimisation studies, standards of sugars (6 g L -1 ) and ethanol (1%), and a mixed standard solution of these analytes (with the same concentration) were prepared. In these studies, the flow parameters were evaluated in terms of the retention time, resolution and asymmetry of the obtained peaks, since is the usual practice in the optimization of chromatography methods.
Solutions with different percentages of methanol (MeOH), acetonitrile (MeCN) and also 1-propanol were tested as carriers for injecting the standards. With the chosen monolithic column, it was not possible to achieve separation of the analytes; the inefficiency achieved was probably due to the short length of the column (5 mm).
Considering that the Aminex HPX-87H from Bio-Rad has been successfully used to perform separation in the HPLC mode of the analytes in the study (Table 1) , the corresponding guard column was then tested as a replacement. Preliminary studies showed that it was possible to obtain two sufficiently resolved peaks, the first one for sugars and the other for ethanol. In spite of potential back-pressure problems, the column was successfully incorporated in the flow-injection system; in fact, after continued use for about 3 months (about 1000 injections), no significant variation on the retention time of the analytes was observed. Therefore, this column was used for further optimization of the flow system.
Carrier composition
Initially, the composition of the carrier (mobile phase) was set as 9% of MeCN in a 5 mM H2SO4 aqueous solution. The percentage of MeCN was decreased and the results obtained showed no significant difference in terms of the retention times. Therefore, for further studies, the carrier composition was set as 5 mM H2SO4.
Three values of the concentration of H2SO4 (1, 5 and 10 mM) were also tested. There was no significant difference found for the results obtained in terms of the retention times; therefore, considering the column manufacturer recommendations in terms of the pH of the carrier, the concentration of acid was set to 5 mM.
After setting the composition, the influence of the temperature of this solution was also studied in the range from 25 (mimicking room temperature) to 55 C; the manufacturer did not recommend higher temperatures. This study was carried out by placing the carrier solution container in a controlled thermostatic water bath. For these temperatures, there was no significant variation in terms of the retention times; however, the temperature was set to 40 C, as a better repeatability was observed.
Flow rate
The influence of the flow rate was evaluated in terms of the retention time, resolution and asymmetry of the peaks obtained in the range from 0.18 to 0.48 mL min -1 , for injecting the mixed standard.
As expected, the retention time obtained decreased with the increase of the flow rate. In terms of resolution, values above 3.5 were obtained; in terms of the asymmetry and plate height, all of the results were satisfactory, with no significant variations. So, by also considering the repeatability and sampling-rate, a flow rate of 0.40 mL min -1 was chosen.
Study of interfering species
The presence of possible interfering species on the quantification was evaluated. This study was carried out with taking into consideration: i) the major compounds of port wine samples (an example of a fortified wine); ii) and those expectedly more retained in the chosen cartridge. Therefore, the influence of glycerol and tartaric acid was assessed. To carry out this study, the worst-case scenario was simulated. Since we were mimicking port wine samples, the standards prepared were: Table 2 , and it can be concluded that both interfering species present a retention time close to the retention time of the sugar peak; however, there was no significant difference found concerning the results obtained with the addition of the interfering species.
Figures of merit
The performance of the developed system was evaluated in terms of the dynamic range, repeatability and determination rate. It was possible to achieve a linear range of up to 12 g L -1 of sugars and up to 2% (v/v) of ethanol with a limit of detection of 2.3 g L -1 and 0.4% (v/v), calculated as recommended by Miller and Miller, 28 for sugars and ethanol concentrations respectively. These results showed good repeatability, presenting an RSD (n = 3) value of 4%. As for the determination rate, about 100 s was only needed for the quantification of sugars and ethanol. 
The operational stability of the system was also evaluated by performing the calibration procedure under identical physical and chemical conditions between different working days. The calibration curves were obtained by using 28 Figure 2 presents the signals obtained for the calibration procedures.
Vinification monitoring
As described before, an SGJ was used to simulate a vinification process for 10 days. A portion of the sample was collected every day and frozen. When all of the samples were collected, the previously described sample pre-treatment was performed prior to analysis. In Fig. 3 , the obtained results are presented.
It can be concluded that the developed system proved to be a useful tool to monitor the procedure since it was possible to observe the sugar consumption and the production of ethanol throughout the process.
Port wine analysis
As for the winemaking tests, a synthetic grape juice was used, not real must, three samples of finished port wines were also analyzed after dilution (20 times) in the carrier solution.
This study allowed us to test the influence of some compounds normally present in natural samples that could pose a potential problem for the separation step, like organic acids or flavonoids, although these compounds are present in much lower concentrations than the target analytes. At the same time, it was possible to further assess the accuracy of the developed system, as demonstrated by the results presented in Table 3 . A good agreement between the results obtained for the analysis of the samples by the developed and the reference methods was achieved.
Conclusions
The developed system proved to be a useful tool to monitor the vinification process. Additionally, the system can be potentially used for the on-line real-time measurement of a fermentation process at a low cost and simple alternative to the usual monitoring processes based on expensive equipment, like HPLC, NIR and FTIR.
It can also be concluded that Micro-Guard cartridges with particle packed columns can be coupled to flow-based systems and not only monolithic ones, to achieve good separation. 
